Gene transfer experiments using sublethally irradiated pollen have given inconsistent results, with the species used falling generally into two classes: (a), those in which the Ml plants, arising from the use of irradiated pollen, are highly variable and show a "maternalisation effect", many plants lacking one or more dominant markers from the irradiated parent and (b), those in which the Ml plants are generally alike and similar to the Fl plants obtained by the use of unirradiated pollen, and there is no maternalisation effect. It is suggested here that this difference relates to the absence (a) or presence (b) of certain chromosome and DNA repair enzymes in the pollen, for which, it is argued, plant species may be widely variant and "polymorphic". The proposal is in agreement with the theory of chromosome repair through somatic recombination and gene conversion previously invoked to explain the maternalisation effect and gene transfer through the use of sublethally irradiated pollen.
INTRODUCTION
Reported transfer of single genes (Pandey, 1975 (Pandey, , 1978 (Pandey, , 1980a (Pandey, , b, 1981 or a part of the male nuclear complement rather than the whole male nucleus Pandey, 1983a; Powell et a!., 1983; Snape et a!., 1983; Zamir, 1983; Banga et a!., 1984; Caligari et a!., 1984; Davies, 1984; Daskalov, 1984) , between one plant and another by the use of irradiated pollen is of considerable interest to the plant breeder. The procedures, when better understood, have the potential of not only considerably expediting plant, and possibly animal (Pandey, 1980c; Pandey and Patchell, 1982) breeding but also producing desirable recombinants which could not be produced before because of close linkage between desirable and undesirable genes, or because of inviability of the normal hybrid zygotes or complete sterility of the normal hybrids.
To date, gene transfer by irradiated pollen has been achieved in two distinct ways, dependent on the dose of radiation used. (a) Following application of pollen irradiated with a very high, lethal dose (60-100 Kr), there may be no normal fertilisation and syngamy and the whole, or nearly whole, paternal genome may be eliminated or excluded. However, the egg nucleus, usually held up in the Gi phase, may be stimulated to resume the cell cycle and during replication some DNA fragments from the irradiated pollen may be incorporated into the new egg chromosomes. The first cell division fails and the resulting parthenogenetic embryo is basically maternal diploid except for one or a few identifiable genes from the irradiated pollen. The phenomenon is termed "egg-transformation" (Pandey, 1978 (Pandey, , 1981 . (b) If the donor pollen is irradiated heavily but sublethally, for example between 2Kr and 3OKr, or higher (Banga et al., 1984) , depending upon the species and combination, the nuclei are damaged but not functionally and physically incapacitated, and normal fertilisation occurs, as exemplified by studies of intraspecific crosses in Nicotiana rustica and Zea mays (Pandey, 1983 a) and interspecific crosses between N. glutinosa and N tabacum (Pandey and Phung, 1982) . The Ml progeny obtained in N rustica and Z. mays, were extremely variable in phenotype regarding the marker genes, in contrast to the Fl progeny arising from normal crosses which were relatively uniform in appearance and showed dominant characteristics of the pollen parent. The Ml progeny showed varying degrees of resemblance to either parent, as well as different combinations of characters controlled by recessive and dominant major genes. However, they were more maternal in characteristics than true hybrids, and in N. rustica, where seeds were produced with different sublethal doses, this "maternalisation" increased with dose. The M2 progenies in N. rustica, while showing significant heterogeneity, again resembled the maternal parent more than the normal F2 progeny, the similarity increasing with dose. A similar situation was also observed with regard to quantitative characters. The phenomenon is not well understood, but it is not egg-transformation. In effect, it results in partial hybridisation, only a certain proportion of the paternal genome combining with the maternal genome.
SUBLETHALLY IRRADIATED POLLEN Caligari et aL (1981) proposed three possible explanations for the maternalisation phenomenon in N. rustica resulting from the use of sublethally irradiated pollen: (a) Radiation-induced "mutations", in the broadest sense, including deletions, may be responsible for these changes. However, since mutations are usually random, they are not likely to bring about a consistent, maternally oriented change. (b) Radiation-induced inactivation of a large part of the paternal genome would have a similar effect. Such an effect, however, would have to be permanent to be displayed consistently in both Ml and M2 generations. This type of large-scale "silencing" effect on the genome is unknown, and is very difficult to reconcile with most mutation studies. (c) Egg-transformation and parthenogenetic diploidy, similar to that envisaged for lethally irradiated pollen in certain other species of Nicotiana (Pandey, 1980a, b) . However, experiments with a number of species, including parents having different chromosome numbers, have shown that sublethal levels of pollen irradiation usually allow normal fertilisation and sexual progeny (Brewbaker and Emery, 1962; VassilevaDryanovska, 1966) . Furthermore, parthenogenetic diploidy, irrespective of the level of lethal dose, consistently produces highly fertile maternal progeny and not varyingly fertile, dissimilar progeny, as found here. The increasing frequency of sterile Ml plants occurring with the rise in dose is consistent with normal fertilisation. Transfer of complex and quantitative characters as well as relatively simply inherited characters also supports the concept of normal fertilisation rather than single gene transfers. None of the three proposed mechanisms therefore explained the observations satisfactorily.
To explain the observations in maize, Pandey (1983a) suggested that during early embryogeny following normal fertilisation by sublethally irradiated pollen there may be selection of cells in which radiation-damaged segments of paternal chromosomes have been repaired, through homologous somatic recombination and gene conversion, by segments from the normal maternal chromosomes.
The chromosome repair may be specially facilitated by radiation-induced subchromatid breakage, which particularly occurs in the prophase of mitotic cells (Evans, 1962) , the usual phase of the generative and gametic nuclei in the pollen grains at the time of irradiation (D 'Amato, 1977) . Also, there is evidence to suggest that mature gametes may be deficient in DNA repair enzymes (Leigh, 1976; Mittler, 1982) , which allows certain specific damages to remain unrepaired. Following fertilisation, when the repair enzymes are restored in the developing diploid phase, the loose single strands produced in the paternal chromosomes may promote somatic pairing between normal homologous, maternal chromosomes and damaged, paternal chromosomes, resulting in recombination and gene conversion. "Aggressive" homologous pairing appears to be an inherent property of single-stranded DNA (Dressler and Potter, 1982) . The developing embryo may thus not only be relieved of the radiation damage, but in the process may also become significantly maternal in characteristics. The phase of the pollen nuclei at the time of irradiation may therefore be critical in endowing the irradiated gametes with the special features resulting in the present phenomenon. Mechanisms of mitotic and meiotic recombination and gene conversion, particularly in relation to the lower eukaryote yeast, have been expertly reviewed recently by Esposito and Wagstaff (1981) and Fogel et a!. (1983) .
Experiments in barley, Hordeum vulgare (Powell et a!., 1983) , wheat, Triticum aestivum (Snape et aL, 1983) and Indian mustard, Brassica juncea (Banga et a!., 1984) , gave similar results to those with N. rustica and Z mays. There was maternalisation of Ml and M2 progenies, which increased with dose. In B. juncea, apparently there is considerable parthenogenetic matromorphy with the use of heavily irradiated pollen. In Triticum aestivum, which is an allohexaploid, the efficiency of the phenomenon is reduced possibly owing to radiation-induced loose single strands from the damaged paternal genome being paired with the homologous regions not only in their own homologous genome, but also in the homoeologous genomes present in the same nucleus, thus causing increased sterility. There is evidence from other studies including tissue culture that under certain conditions there may be a relaxation of pairing suppression between homoeologues (Orton and Steidpl, 1980 ). The cytological aberrations These processes appeared to be random with respect to the loci and chromosomes affected. However, deletions of the magnitude and complexity required to produce the observed high degree of maternalisation are not likely to be fertile or even viable. Furthermore, usually most radiation-induced deletions in the pollen are not transmissable to the next (M2) generation (Rick and Khush, 1969) .
The use of irradiated pollen as a possible means
of expediting gene transfer was tested by Zamir (1983) in tomato, where a number of convenient codominant isozyme markers are available. Pollen from the wild tomato species Solanum pennellii was irradiated with gamma rays at various doses and used in crosses with Lycopersicon esculentum as female. The results clearly demonstrated that the marked maternalisation of the Ml and following segregation progenies found in other materials studied was absent in tomato. Shifts of segregation ratios which did occur gave excess of either maternal or paternal alleles. Similar results were also obtained in intraspecific crosses in Pisum sativum (Davies, 1984) and Capsicum (Daskalov, 1984 Werner et aL have sugested that radiationinduced mutation/damage could be transmitted from the Ml to the M2 generation, and since this would generally lead to a loss of function in the paternal genome it would result in lack of vigour and fertility in the M2, explaining previously observed results. The recent results of Caligari et aL (1984) on barley are most decisive on this matter. Their detailed observations on four continuously varying characters clearly show that there is no such lack of vigour or fertility in the M2 generation. As expected on the basis of earlier observations concerning untransferability to the next generation, of radiation-induced deletions in the pollen, the data are unequivocal in demonstrating that the "damaged" segment of the paternal genome is in fact absent in the M2 generation, and that the phenomenon of maternalisation is a real one, producing the excess of natural, maternal phenotypic variation. Indeed, in a later study, observed that the intensity of selection against the aberrations was insufficient to explain the magnitude of the maternal trend in the M2. The data thus strongly support the theory that truly maternalised "repaired" paternal chromosomes, rather than radiation-"damaged" paternal chromosomes per Se, lie behind the observed phenomenon.
It must be noted that the above authors Caligari et a!., 1984) , using sublethal irradiation, were all apparently unaware of the present author's explanation of "maternalisation" based on chromosome repair theory involving somatic recombination and gene conversion (Pandey, 1983a) , and mistakenly continued to apply to their work the present author's earlier explanation given for "selective transformation" obtained with the use of lethal irradiation. The present author never suggested that explanations for the results of lower sublethal and high lethal dose applications were the same. The two phenomena were always considered to be distinct.
"CHROMOSOME REPAIR'-MITOTIC AND MEtOTIC?
If Ml maternalisation results from "repair" of damaged paternal chromosomes with the aid of normal maternal chromosomes, it is possible that meiotic as well as mitotic recombination may play a part in this repair. A recent study by Gerats et aL (1984) in Petunia hybrida has suggested that to a very limited extent this indeed is probably the case. Using sublethally irradiated pollen (10 Kr) from paternal parents bearing three dominant markers and triple homozygous recessives as maternal parents, these authors showed that for one gene there was a recovery of about 3.3 per cent recessives in the Ml, which could all be ascribed to chromatid breaks producing terminal deletions. Virtually no mutations were found for the other two genes (among 891 Ml plants studied there was a single mutation affecting one gene). Karyotype analysis and genetic data concerning the gene that yielded a significant number of mutants showed that at least 75 per cent of these mutants contained a detectable deletion on the short arm of the chromosome VI bearing this gene. The deletions ranged from "non-detectable" (that is a non-transmissable mutant, showing no visible deletion) to the complete short arm. Deletionbearing chromosomes, as expected from previous studies mentioned above, were not transmitted to the next generation, neither through the male nor through the female. However it was shown that transmission of dominant markers located on the long arm of chromosome VI was possible at a "low to very low" rate, presumably after completion of the deletion-bearing chromosome by crossing-over at meiosis. An earlier study in tomato, similarly revealed maternalisations of Fl per cent and F2 per cent respectively for two genes studied which could entirely be ascribed to chromatid breakinduced terminal deletions (Rick and Khush, 1961) . These two studies suggest that maternalisation of up to 3.3 per cent for certain genes in the Ml can be obtained through the use of irradiated pollen which can be accounted for by terminal deletion; and that gametic selection at Ml meiosis, eliminating damaged paternal chromosomes or genetic segments, can to a very small extent contribute to maternalisation in the M2, as also proposed by Zamir (1983) .
The above study, however, does not explain the very high degree of single gene maternalisations (10-over 60 per cent) in the Ml generation found in a number of species studied, as summarised in table 1. While both kinds of breaks, chromatid and subchromatid, involving single breaks, may contribute to maternalisation in the Ml ( fig. 1 ) the contribution of chromatid breaks is considered very minor, and gene specific, subchromatic lesions being up to 10 or more times more effective. More importantly, in contrast to the chromatid-break deletions which are usually not transmissable to the next sexual generation (Gerats et a!., 1984) , the maternalisation caused by subchromatid lesions may be totally transmissible to the M2 generation in the normal manner, thus accounting for very high maternalisation in the M2 as well, for example in N. rustica. The role of intercalary deletions which require two appropriate breaks simultaneously is probably not significant in this maternalisation, as evidenced by the studies in tomato (Rick and Khush, 1961) and P. hybrida (Gerats et aL, 1984) . The comparative effect on maternalisation of particulate ionising radiations (electrons, protons, neutrons and alpha (X-rays and gamma rays) which favour subchromatid breaks (Upton, 1982) , is not known.
Since there is normal fertilisation and there is no individual gene or chromatin segment transfer, as in "transformation", the resulting maternalisation phenomenon, involving alteration in the expected pattern of maternal and paternal genes and affecting both quantitative and qualitative characters, may be called "accentuated genetic transfer", distinguishing it from the transformation based "gene transfer". 
THREE CLASSES OF PLANTS
The 11 species in which sublethally irradiated pollen has been used so far can be grouped into three classes ( would indeed explain the similarity of Ml and Fl hybrids in the class 2 plants. In this case, presumably, neither the chromatid nor subchromatid breaks are recovered in the MI progeny ( fig. 2 ). Rick and Kush (1969) and Gerats et al. (1984) have suggested that chromatid breaks effecting deletions involving arms that contain genes concerned with the gametogenesis and fertilisation processes would not be recovered in the M2, but such deletions have no effect on the Ml generation itself, presumably because, as discussed elsewhere, (Pandey, 1980c (Pandey, , 1983b , the products of genes controlling gametogenesis, pollen tube growth and fertilisation are already laid down in the cytoplasm in the meiocytes or earlier diploid phase, before irradiation. Possibly two of the three genes studied in P. hybrida (Gerats et a!., 1984) involved regions in the genome essential for the sporophytic generation including seed development, thus accounting for the lack of recovery of chromatid break deletions in the Ml. Why, then, is there so much variation and maternalisation of the Ml progeny in the class 1 species? In these cases there does not appear to be severe elimination of the radiation-induced genetic deficiencies or lesions, as expressed in the Ml phenotypes. A considerable amount of genetic deficiency appears to be tolerated and expressed. The Ml progeny, by and large, behaves as if it is homozygous for the maternal recessive allele. The deficiencies are not only able to be "harvested" by the breeder but in some way the residual damage is being removed so that it does not, in general, lead to lethality and gross abnormality. The inescapable conclusion, embodied in the theory of chromosome repair through somatic recombination and gene conversion (Pandey, 1983a (Pandey, , 1984 , is that the radiation-induced subchromatid lesions in the paternal chromosomes are being repaired, with homologous maternal chromosomes being used as templates.
In the class 3 species L. esculentum and P. hybrida, the genes concerned with chromatid break-induced deletions are presumably not in the arms containing genes essential for sporophytic development. Such deletions are therefore recovered in the Ml (fig. 2 ). There is, however, no recovery of losses due to subchromatid breaks.
HYPOTHESIS
But why do class 1 species, at least the strains used in the said studies, carry this facility for subchromatid break chromosome repair whereas those in the classes 2 and 3 apparently do not? There are various systems of DNA repair, each requiring its own specific array of enzymes to mediate different steps (Boyd and Setlow, 1976) . Ineffective "polymorphism" (used in a wider sense, including functional polymorphism involving a set of genes as well as single gene polymorphism) or deficiency, in any one of the genetic systems responsible for the enzymes in the pathway may stop or seriously hamper the processes of repair. Although DNA repair systems have been found in prokaryotes and have also been shown to occur in certain animal and plant cells, it is evident from the review of literature (Wolff and Cleaver, 1973; Yamaguchi et aL, 1975; Kihlman, 1977; Tano and Yamaguchi, 1977; Soyfer, 1979; Jackson and Linskens, 1980; Johnson et aL, 1984) that the belief, by some authors, of their relatively uniform, universal occurrence, with regard to tissues as well as species, in plants may not be justified. The notion that DNA repair as a process is common to all life, and evolved very early, is generally accepted. What is proposed here is that variability may occur in specific type and extent of DNA repair associated with the species, the phase of development and tissue concerned, and the source and type of DNA damage. While certain systems of repair, e.g., those involved with fidelity of replication and possibly meiotic recombination, may be universal, the same may not be true for other systems. The existence of frequent contradictory evidence seems to suggest that certain plant species or strains may either lack or have varyingly inefficient "excision repair" mechanisms in certain tissues (Pandey, 1984) . Plants may not only differ in the systems and quality and extent of repair, but also in the conditions under which an existing system may express itself (Soyfer, 1983) .
Plants might differ from animals regarding this facility because of the totipotency of their cells, alternation of generations, multiple forms of reproduction, and "open" growth system-some of this evolutionarily related to their predominantly fixed physical existence-which allow them resiliency in regeneration and survival that is not possible in animals. In the latter, having an integrated body physiology, "closed" growth system and a cellular circulatory mechanism, an irregularity arising in a single cell may eventually cause disease or even death, affecting the whole individual. The scope of DNA repair enzyme variation and "polymorphism" in animals must, therefore, of necessity, be restricted. In plants, with their compensatory, rejuvenating growth mechanisms such single cell disorders, ordinarily, would have little effect on the individual as a whole. Plants, therefore, can afford to be relatively more lax in their DNA repair facilities as compared to animals.
It is therefore suggested that DNA repair, particularly "excision repair", is a significant factor in chromosome repair through somatic recombination and gene conversion, where, clearly, excision of the damaged strand and unscheduled replication of the homologous, normal, maternal segment would be an integral part of the repair system. The class I species, or strains used, may not possess in the pollen the necessary repair enzymes for this type of repair whereas the classes 2 and 3 species may possess them (table 1 and fig. 2 ). The pollen might thus vary between species and strains regarding the DNA repair facility, so that, for example, in peas, tomato and Petunia, where all DNA damage might be repaired soon after irradiation of pollen, there is no opportunity for somatic recombination and gene conversion after fertilisation, and there is no maternalisation, whereas in class 1 species where DNA repair does not occur in the pollen, or occurs to a limited extent, there is opportunity for recombination and gene conversion after fertilisation, and there is maternalisation. Variation in maternalisation in the different materials may thus reflect variation in the DNA repair facility specifically in the pollen, and not in the overall facility in the somatic tissue.
Pollen cytology and "accentuated genetic transfer"
The present theory is also perfectly in accord with observations on pollen cytology (Brewbaker, 1959; Pandey, 1960 Pandey, , 1970 . The suggestion that the nutritionally restricted male gametophyte (pollen), where at least one nuclear division occurs without cell division, might be deficient in the facility for DNA repair, as compared to the sporophyte, is supported by the results reviewed here; for it would mean that the trinucleate pollen, which has to undergo two nuclear divisions in the same protoplasm, would be even more deficient than the binucleate pollen. Thus the binucleate species, having comparatively less deficient pollen, may or may not be able to repair all its radiation-induced DNA damage in the pollen but the trinucleate species, having far poorer pollen, would almost certainly fail to do so. The fact that all four trinucleate species studied so far-wheat, barley, maize and Brassica-show maternalisation while only two (N. rustica and N paniculata) out of seven binucleate species-pea, Capsicum, tomato, S. pennellii Petunia, N rstica and N paniculata-does, substantiates this proposal. In N rustica and N paniculata, at least a significant proportion of DNA damage is believed to remain unrepaired, allowing the opportunity for this damage to be repaired after fertilisation during embryogeny and thus giving maternalisation (table 1) . It is interesting to note that one species, Petunia hybrida, which has binucleate pollen and which has been studied for DNA repair enzymes in the pollen, shows the presence of such enzymes (Jackson and Linskens, 1978 Linskens, , 1979 , as expected. Comparative studies of DNA repair enzymes in the pollen in a few binucleate and trinucleate pollen species should be decisive. The theory suggests that trinucleate species including some of the most economically important families of plants, e.g., Gramineae (cereals and grasses), Cruciferae (vegetables, oil and fodder crops) and Compositae (vegetables, oils and ornamentals) would almost all show accentuated genetic transfer, while only a few binucleate species would do so.
Pollen grains and the lethal dose of radiation
The present proposition also explains another intriguing phenomenon in plants-very large differences in species sensitivity of pollen grains to ionising radiation, as assessed from viable seeds produced after the use of irradiated pollen. For example, the lethal does for Pisum sativum, Hordeurn vulgare, Triticurn aestivum and Capsicurn is between 3-5 Kr whereas for Nicotiana rustica, N paniculata, N langsdorffii, N alata, N glutinosa, Lycopersicon esculen turn and Solanum pennellii it may be as much as 10 times higher, between 20-30 Kr (Virk et a!., 1977; Pandey and Phung, 1982; Snape eta!., 1983; Powell eta!., 1983; Zamir, 1983; Davies, 1984; Daskalov, 1984; .
It is interesting to note that in the same family Solanaceae, Capsicum belongs to the highly sensitive group while S. pennellii, L. esculentum and all 5 species of Nicotiana examined belong to the more resistant group. In an organism endowed with the natural, comprehensive array of DNA repair enzymes most of the DNA breaks are rejoined speedily, about half within a few minutes after irradiation and most finishing within two hours (Kemp et a!., 1984) . The ability for speedy repair of damaged DNA strands may be a critical factor in determining the viability of the male gametes after irradiation of the pollen. Different sets of enzymes are needed to complete repairs of specific types of damage (Witkin, 1975) . Plants may be particularly variable in this respect. Following irradiation of pollen, plant species or strains may therefore vary strikingly in the two phenomena, degree of male gamete viability and accentuated genetic transfer, for the same reasonvariation and "polymorphism" of specific chromosome and DNA repair enzymes. In the Solanaceae, N rustica and N paniculata show accentuated genetic transfer whereas Capsicum, Lycopersicon esculenturn, S. pennellii and Petunia hybrida do not.
The two phenomena are at least partly independent, as is seen from the lack of relationships in the materials studied. Of four species which have a very low pollen gamete viability after irradiation, H. vulgare and T aestivurn show accentuated genetic transfer while Pisum sativum and Capsicum do not.
CONCLUSIONS
Heritable mutation/damage, mainly deletion, is unlikely to be the principal basis for accentuated genetic transfer in the Ml and M2 because: (a)
The frequency of single gene deletions (10-60 per cent or more) required to explain observed maternalisations is too high for viable, fertile progeny to occur; (b) both quantitative and qualitative characters are affected; (c) the observed deletions, in tomato and Petunia, are too gene specific and too infrequent (1-3.3 per cent) to account for the very high and varied maternalisations obtained in a number of species; and, very significantly, (d) the deletion-bearing chromosomes are usually not transmissable to the next sexual generation (M2). The concept that the radiation-damaged segment of the paternal genome (deletions, mutations and chromosome rearrangements) which would survive and be expressed in the Ml but would normally be eliminated at the Ml meiosis and thus might account for high maternalisation of M2, as compared to unirradiated F2, (Zamir, 1983; Snape et a!., 1983; ) also appears to be untenable for, in general, most observations have shown that the extent of variation in the Ml and M2 is in fact related. Significantly, it does not account for the maternalisation of Ml plants themselves. Furthermore, it does not explain the large variability between the species studied. If it is a result of such a normal cytological phenomenon, the huge variability between species is inexplicable. The theory of chromosome repair through somatic recombination and gene conversion with the attendent requirement of specific chromosome and DNA repair enzymes, for which plants are believed to be highly variant in the pollen, on the other hand, can account for all the recorded observations.
If the present interpretation is correct, the class 1 species, maize, barley, wheat, Nicotiana rustica, N. paniculata and Brassicajuncea (trinucleate pollen species in general) may be suitable materials for breeding, particularly for interspecific gene transfer, by the sublethal pollen-irradiation technology, and the class 2 and 3 species, tomato, P.
hybrida, pea, S. penne!lii and Capsicum (binucleate pollen species in general), may not. The work in maize (Pandey, 1983 a) suggests that there may be variation between different strains of the same species in the extent of positive response of this facility. So, at present, with the paucity of information, only a preliminary trial experiment can determine the potential of a particular combination. Happily, the state of the Ml variation appears to be a clear guide in distinguishing the phenomenon.
